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Abstract 


011-axis  loading  of  eight  ply,  unidirectional  specimens  with  and  without  a  circular 
hole  determined  the  ultimate  tensile  strengths  ol  SCS-6/Ti-24Al-l  INb  composite  at 
temperatures  of  25°C  and  650°C  and  liber  orientations  of  0°,  15”,  and  45°. 

Longitudinal  moduli  of  the  tested  orientations  compared  closely  to  the  rule  of  mixtures 
calculated  values,  and  strengths  eompared  closely  to  those  predicted  by  the  Tsai-Wu 
lailurc  theory.  The  sm.all  diameter  hole  does  not  act  as  a  stress  concentrator,  but  merely 
reduces  the  material’s  strength  in  proportion  to  area  loss.  This  result  differs  from  those 
predicted  by  linear  finite  element  analysis  and  orthotropic  slre.ss  concentration  theory. 
Radiography,  ased  in  an  eflort  to  delect  damage  prior  to  failure,  showed  no  fiber  breakage 
or  matrix  cracking.  Micro.scopic  examination  of  the  fracture  surfaces  indicates  a  weak 
liber/malrix  interlace  bond  at  both  room  and  elevated  temperatures.  Brittle  fracture  of 
libers  and  matrix  with  little  fiber  pull  out  occurs  at  room  temperature,  while  brittle  fiber 
Iracture  and  ductile  matrix  fracture  with  greater  fiber  pull  out  occurs  at  elevated 
temperatures. 
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FAILURE  CHARACTERISTICS  OF  SCS-6/Ti-24Al-l  INb  COMPOSITE 


WITH  A  CIRCULAR  HOLE  AT  ROOM  AND  ELEVATED  TEMPERATURES 

I.  Introduction 

The  USAF  sponsored  Integrated  High  Performance  Turbine  Engine  Technology 
(IHPTET)  program  and  the  National  Aerospace  Plane  (NASP)  demand  material 
performance  greater  than  that  currently  available  in  conventional  aerospace  materials. 

New  structural  materials  are  needed  if  both  of  these  programs  are  to  succeed.  A  cla.ss  of 
composite  materials  that  holds  great  potential  for  reaching  these  high  temperature,  high 
performance  goals  is  the  metal  matrix  composite  (MMC).  Of  this  general  class,  titanium 
eluminide  matrix  composites  appear  to  be  good  candidates  for  fulfilling  the  requirements 
of  the  IHPTET  and  NASP  programs.  Titanium  aluminides  are  lightweight,  posse.ss  goi 
high  temperature  strength,  and  show  creep  and  high  temperature  environmental  resistance 
(Lanson,  1991:  363-.364). 

Previous  Studies 

Before  any  new  material  is  put  into  general  use,  its  properties  and  suitability  for 
specific  applications  must  be  determined.  Moduli,  tensile  strength,  fatigue  behavior,  and 
creep  behavior  are  ncce.s.sary  for  any  engineering  design. 

Larson  de.scribed  the  general  behavior  of  silicon  carbide  fiber  reenforced  titanium 
aluminides  and  compared  their  properties  with  available  nickel  based  superalloys  (Larson, 
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1991).  Johnson  characlcrizcd  the  moduli,  strengths,  and  failure  modes  of 
SCS-6/Ti-15V-.^Cr  in  ((r]^,  [90°]*,  |0;/±  45“js,  (079()‘’]2j„  and  [07±45790“]s  layups  at 
room  temperature  and  4H2°C  (Johnson,  1990).  Many  studies  are  dedicated  to  finding 
fatigue  characteristics  of  MMC’s.  Thermal-mechanical  fatigue  is  of  particular  interest 
since  turbine  engine  applications  would  subject  any  SCS-6/Ti-24Al-l  INb  parts  to  cyclic 
thermal  and  mechanical  loads  (Bartolotta,  1990;  Ru.s.s,  1991;  Kartyna,  1991). 

In  1989,  Allison  Gas  Turbine  Division  of  General  Motors  Corporation  completed 
an  extensive  study  of  the  SCS-6/Ti-24Al-l  iNb  MMC.  This  effort  was  directed  toward  the 
composite  manufacturing  optimizations  made  by  Textron  Speciality  Materials  and  fatigue 
crack  initiation  and  growth  in  the  composite.  Alli.son  tested  [0“]*,  (90“]g,  [0790‘’]2s,  and 
(07±45790°|jj  layups  at  .selected  temperatures  between  25“C  and  87rc  (Gambone 
1990a,  1990b). 

The  Aircraft  Engines  Division  of  General  Electric  has  also  investigated  titanium 
aluminide  composites  with  emphasis  toward  manufacturing  technologies.  Longitudinally 
and  transversely  oriented  tensile  and  fatigue  tests  were  conducted  using  unidirectional 
composites  made  from  a  variety  of  titanium  aluminide  matrix  alloys  and  consolidation 
.schemes.  Evaluations  of  the.se  tests  are  discu.s.sed  in  the  GE  technical  report  (General 
Electric,  1991). 

Studies  of  composites  containing  holes  have  been  conducted  for  many  years. 
Greszczuk  performed  a  numerical  analysis  of  unidirectional  graphitc/epoxy  and 
boron/epoxy  composites  predicting  the  effect  of  ani-sotropic  material  properties  on  the 
stre.ss  concentration  around  circular  holes  (Greszczuk,  1972).  Whitney  performed  lesLs 
with  quasi -isotropic  glas,s/cpoxy  composites  and  found  that  strass  concentration  theory  did 
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nol  apply  to  small  diameter  holes  in  the  material  (Whitney,  1974). 

More  recently,  studies  have  investigated  boron/aluminum  composites  containing 
holes  (Sova,  1978;  Johnson,  1983).  Fracture  processes  were  examined  in  these  studies. 
Johason  used  radiography  to  successfully  detect  fiber  breakage  and  matrix  cracking. 
Interest  in  titanium  aluminide  composites  has  prompted  investigations  of  notch  effects  in 
these  materials.  Naik  .studied  fatigue  crack  initiation  and  damage  growth  in 
SCS-6/Ti-15V-3Cr  specimens  that  contained  circular  holes  or  were  edge  notched.  He 
concluded  that  fiber/matrix  debonding  near  the  hole  reduced  the  stre.ss  concentration  factor 
thus  extending  the  fatigue  life  of  the  specimen  (Naik,  1989). 

Objectives 

The  Materials  Directorate  of  Wright  Laboratories  conducts  and  spoasors  ongoing 
studies  of  advanced  materials  for  aerospace  applications.  This  investigation  of 
SCS-6/ri-24Al-l  INb  MMC  is  one  such  study.  Investigation  of  off-axis  loading  of 
unidirectional  composite  layups  provides  a  more  complete  characterization  of  the  material. 
Determining  notched  behavior  is  necessary  since  many  designs  require  holes  in  load 
bearing  structures  for  fasteners  or  interior  in.speciion. 

This  study  investigates  the  ultimate  tensile  strengths  of  unidirectional 
SCS-6/Ti-24AI-I  INb  MMC  loaded  at  various  fiber  orientations;  attempts  to  find  prefailure 
damage  using  radiography;  and  de.scribes  the  failure  mechanism  of  the  material.  Three 
fiber  orientations,  0",  15",  and  45"  were  tested  under  uniaxial,  tensile  loads  at  25“C  and 
650"C.  Specimens  containing  a  circular  hole  were  also  tested  at  these  fiber  orientations 
and  temperatures.  Lack  of  material  precluded  testing  of  90"  orientated  specimens, 
however,  tensile  date  of  this  fiber  orientation  is  available  from  other  sources. 
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II.  Background 


Previously  developed  techniques  and  methods  of  analysis  were  used  in  the 
preparation  of  this  report.  Those  applying  directly  to  this  .study  are  reviewed  below. 

Lamina  Material  Properties 

The  apparent  stiffne.ss  properties  of  a  composite  material’.s  iain!na  are  found  by 
following  the  method  di.scu.s.sed  by  Jones  in  Mechanics  of  Composite  Materials  and 
summarized  here  (Jones  1975:  90-96).  The  mechanics  of  materials  approach  to  stiffness 
a.ssumcs  that  strain  of  a  unidirectional  composite  lamina  is  the  .same  in  both  the  fiber  and 
matrix.  The  lamina  is  assumed  to  be  macroscopically  homogeneous,  linearly  elastic,  and 
initially  stress  free.  In  addition,  the  matrix  material  and  fibers  are  each  a.ssumed  to  be 
homogeneous,  linearly  elastic,  and  isotropic  in  their  individual  compositions. 

Using  these  a.ssumptions,  a  repre.scntativc  volume  element  of  the  composite  lamina 
is  generated.  This  volume  element  contains  a  single  fiber  surrounded  by  matrix  material. 
The  length  of  the  volume  element  is  arbitrary.  The  width  of  the  volume  clement  is  equal 
to  the  lamina’s  fiber  spacing.  The  thickness  of  the  volume  element  is  the  lamina’s 
thickne.ss.  See  Figure  1. 

Analysis  of  the  volume  element  loaded  in  the  longitudinal,  transverse,  and  shear 
directions  determines  the  rule  of  mixture  expre.ssion  for  E„  Ej,  and  Gij  respectively.  The 
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Figure  1,  Represcnlative  lamina  volume  element  (Jones  1975:88). 
apparent  longitudinal  Young’s  modulus  of  a  lamina  is 


(1) 


where 


Ef  =  Young’s  modulus  of  the  fiber  material 
=  Young’s  modulus  of  the  matrix  material 
Vf  =  volume  fraction  of  fibers  in  the  composite 
V„  =  volume  fraction  of  matrix  in  the  composite. 
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The  apparcnl  transverse  Young's  modulus  of  a  lamina  is 


^  _  ^f^n,  (2) 

using  the  same  values  as  in  equation  (1).  The  in-plane  shear  modulus  of  the  lamina  is 


where 


Gf  =  shear  modulus  of  the  fiber  material 
=  shear  modulus  of  the  matrix  material. 

Finally,  the  major  Poisson’s  ratio  is  found  by  the  same  argument  as  E,  was  found.  The 
major  Poisson’s  ratio  is 
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(4) 


where 


Vf  =  Poisson’s  ratio  of  the  fiber  material 
v„,  =  Poi.sson’s  ratio  of  the  matrix  material. 
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Laminate  Material  Properties 


On  axis  loadint;.  The  material  used  in  this  study  is  an  eight  ply,  unidirectional 
composite.  Assuming  a  perfect  bond  between  the  lamina,  the  composites  material 
properties  are  the  same  as  those  determined  for  a  lamina  with  equations  (1)  through  (4). 
The  plane  stress  compliance  matrix,  (S^j  can  be  calculated  from  the.se  engineering 
constants  and  u.sed  in  a  single  .sire.s.s-.strain  relationship  (Jones  1975:45-46): 
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Off-axis  loading.  The  apparent  material  properties  of  an  orihotropic  material 
change  as  an  arbitrary  axis  system  is  rotated  away  from  the  principal  axis  .system.  The 
relation  of  the  two  axis  systems  is  shown  in  Figure  2.  In  many  cases  the  arbitrary  axis 
system  is  the  one  most  convenient  for  the  solution  of  a  problem.  The  set  of  material 
properties  in  the  new  axis  system  are  found  using  the  following  equations  (Jones 
1975:54): 
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Figure  2.  Rotation  of  principal  axis  from 
an  arbitrary  axis  system  (Jones  1975:48) 
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^  xy,  X 


-  -^)  sin^  6  cos  0-  (  —  +  -  -^)  sin0  cos^  0 

G^2  £'2  £1  Gi2 


E|,  Ej,  G,2,  and  v,2  are  the  orlhotropic  material  constants  of  the  principal  axis  system 
found  by  experimentation  or  by  using  equations  (1)  through  (4).  The  angle,  0,  is  the 
angle  shown  in  Figure  2.  The  terms  ri„,^  and  are  the  coefficients  of  mutual 
inlluence,  and  they  characterize  shearing  in  the  xy  plane  caused  by  a  normal  stress  in  the 
X  and  y  directions  respectively. 

An  off-axis,  plane  stress  compliance  matrix,  [S,J  can  be  calculated  from  these  six 
new  engineering  constants  and  u.sed  in  a  single  stress-strain  relationship  for  any  loading 
condition  (Jones  1975:52-53). 
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Strength  and  Failure  Theory 


The  ultimate  tensile  strength  (UTS)  of  various  unidirectional  fiber  orientations  was 
found  Ibr  this  study.  These  experimental  values  are  compared  to  predicted  failure 
strengths  ba.sed  upon  the  strength  of  the  composite  in  its  principal  material  directions. 
Close  agreement  between  the  experimental  and  calculated  failure  strengths  permits  use  of 
the  calculated  failure  stres.scs  in  design  problems  where  the  failure  strength  of  the  needed 
fiber  orientation  had  not  been  experimentally  determined. 

A  failure  theory  which  accounts  for  interaction  between  longitudinal,  tran.sver.se, 
and  shear  failure  strengths  (designated  X,  Y,  and  S  re.spectively)  is  the  Tsai-Wu  ten.sor 
theory.  Jones  discusses  this  theory  at  length  in  Mechanics  of  Composite  Materials  (Jones 
1975:80-83).  This  is  an  attractive  failure  theory  since  it  is  invariant  under  rotation  of 
coordinates,  it  transforms  according  to  tensor  transformation  laws,  and  it  has  symmetry 
properties  similar  to  the  stiffness  and  compliances. 

The  three  dimensional  failure  space 

Fa  +Faa-1  (  ) 

*  i^i  ij^ 


reduces  to 
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I'or  an  orlholropic  lamina  under  plane  stress  conditions.  The  various  constants  are 
determined  as  lollows: 


(16) 


The  term  Fij  depends  upon  both  the  biaxiai  tensile  failure  .stre.ss  and  engineering  strengths 


Y  Y 


)  O^] 


(17) 


The  engineering  strengths  are  defined  as 

X,  =  tensile  strength  in  the  longitudinal  direction 

=  compressive  strength  in  the  longitudinal  direction 

Y,  =  tensile  strength  in  the  transverse  direction 

Y.  =  compressive  strength  in  the  transverse  direction 
S  =  in-plane  shear  strength. 
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Tw(i  simplilying  assumplmns  will  be  applied  u>  the  Tsai-Wii  lailure  eriierH’in  in 
this  study.  Since  cemipressive  strength  data  is  unavailable,  X.  will  be  assumed  equal  to 
-X,.  Similarly,  \\  will  be  a.s.sumcd  equal  to  -Y,.  The  second  assumption,  made  in  the 
ab.senee  ol  biaxial  lailure  data,  will  be  that  F,,  =  0.  Under  these  assumptions  and  by 
substituting  the  values  ol'  equation  (14)  into  equation  (1.^),  the  Tsai-Wu  lailure  criteria 
becomes 


II  a  uniaxial  load,  it,,  is  applied  at  an  arbitrary  angle  H  to  the  lamina's  principal  axis  then 


Oj  =o^  COS"  6 
O2  =0^  sin^  0 
Oj  =  -  sin  6  cos  0 


(19) 


Substituting  values  ol  equation  (19)  into  equation  (18)  yields 

cos'*  0  ^  sin^  0  ^  sin^  0  cos^  0  ^  (20) 

A7  Yf  '  0= 

Stress  Concentration  Factor 

Greszczuk  developed  a  .solution  determining  the  circumlerential  stre.ss  at  the  edge 
of  a  circular  hole  in  an  anisotropic  plate  (Grc.szczuk  1972).  This  solution  also  applies  to  a 
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IX 


unidirectional  coniposiic  plate  loaded  in  a  direction  other  than  the  principal  one.  The 
solution  I'or  stress  is  given  by 


Oe- 


11+Yi-2Yi  cos  2(0--))  U+Y2"2Y2  cos  2(0--)] 


(21) 


^  IYi  •‘•Y;  ~  (1  *YiY2)  cos2  (0--)  1  sin^  -  +  4  (YiYj"!)  sin2  (0--)  sin  -  cos  - 
(1  •►Yi"2Yi  cos 2  (0-“)  1  (1  +Y2*2y2  cos  2  (0-«] 


The  parameters  y,  and  y,  arc  defined 


(22) 


The  angle  *  is  the  orientation  of  the  fibers  to  the  loading  axis,  and  B  is  the  angle  between 
the  loading  axis  and  the  point  of  intere.st  on  the  edge  of  the  hole. 

The  stress  concentration  factor,  K^,  is  calculated 


1.^ 


(23) 


k;  ■= 


oe- 


o. 


where  o,„  is  evaluated  at  B  =  90®.  The  Gre.szczuk  .stre.ss  concentration  factor  is 


f  (1+Yi)  [1 '*'Yi-*-Y2~YiY2^2  cos  2cc] 

[1+Yi+2Yi  cos  2«]  [I+Y2+2Y2  cos  2«] 


4  [Yi+Y2'^  ^^■^YiY2)  cos2«]  sin^  «  +  4  {YiY2~1)  sin2«sin  «  cos  « 
[1+Yi+2Yi  cos2«]  [I+Y2  +  2Y2  cos2«] 


Tan  developed  a  less  complicated  formula  for  the  stress  concentration  factor  in  an 
orthotropic  plate  containing  an  elliptical  hole  that  produces  results  similar  to  Greszczuk's 
equations  (Tan  1987).  Tan  related  stre.ss  concentration  to  the  off-axis  material  constants 


Kt 
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(25) 


For  a  circular  hole  ^  =  1. 

Tan  also  developed  a  correction  to  the  stress  concentration  factor  for  a  plate  of 
finite  width  (Tan  1988).  The  ratio  of  infinite  width  stress  concentration  factor  to  finite 
width  stre.ss  concentration  factor  is 
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[2-  {2a/ftO"-  (2a/f0*]/2+  (2a/m^{K~-3)  [1-  (2a/V)^]/2 


(26 


where 


2a  =  diameter  of  the  hole 
W  =  width  of  the  plate. 


15 


III.  Experimental  Equipment  and  Procedure 


Mechanical  test.s  performed  for  thi.s  invc-stigation  were  all  uniaxial  teasile  tc.sts  of 
notched  and  unnotched  .specimeas  done  in  laboratory  air  at  con.stant  temperature.  Testing 
was  conducted  in  the  materials  testing  laboratory  of  the  Aeronautical  Laboratories,  School 
of  Engineering,  Air  Force  Institute  of  Technology.  Nondestructive  evaluations  of  test 
specimens  were  completed  using  the  facilities  of  the  Materials  Directorate,  Wright 
Laboratory,  located  at  Wright-Patterson  AFB,  Ohio. 

Te.st  Equipment 

The  test  equipment  consisted  of  the  following  major  components: 

1)  Material  Testing  System  (MTS)  Serie.s  810  490  kN  servohydraulic  machine; 

2)  MTS  458  Microprofiler  controller  and  data  display; 

3)  MTS  Model  632.1  IB  exteasometer; 

4)  Measurements  Group  2310  signal  conditioning  amplifiers; 

5)  OuaTech  analog  to  digital  conversion  board; 

6)  Zenith  Z-248  personal  computer; 

7)  Fixed  position  ten-power  microscope. 

Additional  equipment  used  for  the  elevated  temperature  testing  included: 

1 )  Optra  La.scr  Exten.someter  3000; 

2)  Micricon  82300  temperature  control  sy.stem; 

3)  Two  locally  manufactured  quartz  lamp  heaters; 

4)  Cooling  water  system. 
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The  complete  lest  system  consisted  of  the  mechanical  loading  device,  strain 
measurement  equipment,  a  magnified  optical  system  for  subjective  visual  observations,  and 
a  temperature  control  system  for  the  elevated  temperature  tests.  The  cooling  water  system 
prevented  overheating  of  the  MTS  810  machine's  grips  and  quartz  lamp  housings.  The 
personal  computer  used  a  data  acquisition  program  to  record  strain  and  load  as  a  function 
of  time. 

Test  Specimen  Preparation 

All  tensile  test  specimens  were  cut  from  two  identical  eight-ply,  unidirectional 
plates  of  SCS-6/Ti-24Al-l  INb  manufactured  by  Textron-Speciality  Materials  Division. 

The  plates  consist  of  35%  volume  fraction  SCS-6  silicon  carbide  fiber  woven  with 
molybdenum  wire  to  maintain  fiber  spacing  and  .straightness,  and  65%  volume  fraction 
Ti-24Al-llNb  (atomic  percentage)  cross-rolled  foil.  The  eight  plies  of  the  composite 
plates  were  coasolidated  by  the  hot  isostatic  pre.ssing  method  developed  by  Textron  and 
then  aged  to  relieve  some  of  the  consolidation  induced  mechanical  slres.ses.  The  sample 
plate.s'  dimensions  were  nominally  175  mm  x  175  mm  x  2  mm. 

Prior  to  cutting  any  test  specimens,  the  sample  plates  were  inspected  for  defects 
using  ultrasonic  (C-scan)  and  X-ray  techniques.  Figure  3  clearly  shows  the  fibers  in  the 
coasolidated  matrix.  The  thin  lines  running  perpendicular  to  the  fibers  are  the 
molybdenum  cross-weave  wires.  Neither  method  di.scovcred  defects  that  would  affect 
testing. 

After  completing  the  NDI,  twenty-four  tensile  specimens  were  cut  from  the  two 
plates  with  a  diamond  wheel  saw.  The  .sets  of  eight  (15*],  and  (45*),  specimens  were  cut 
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Figure  3.  Radiograph  of  SCS-6/Ti-24AI-llNb  sample  plate. 
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from  separate  plates  while  half  the  set  of  eight  (O'jg  specimens  was  cut  from  each  plate. 
This  cutting  plan  maximized  the  number  of  available  test  specimens.  Twelve  specimens 
for  the  notched  tests  were  cut  152  mm  long  and  12.7  mm  wide.  Twelve  specimens  for 
the  unnotched  tests  were  cut  95  mm  long  and  6.4  mm  wide.  The  cut  edges  were  sanded 
smooth  and  required  no  further  finishing. 

A  centrally  located  hole,  2.54  mm  in  diameter,  was  ultrasonically  drilled  through 
each  of  the  larger  test  specimens.  Prior  to  drilling,  the  specimens  were  sandwiched 
between  plates  of  glass  to  prevent  spalling  of  the  outer  matrix  layer  when  the  drill  exited 
the  specimen.  This  technique  combined  with  the  ultrasonic  drill  forms  very  clean  holes. 
Fibers  are  not  tom  nor  pulled  from  the  matrix,  the  specimen  faces  are  burr-free,  and  the 
hole  surface  polished.  Figure  4  is  an  overall  view  of  the  drilled  hole,  and  Figure  5  shows 
the  hole  surface. 

Kevlar  tabs,  25  mm  long  and  2  mm  thick,  were  epoxied  to  the  ends  of  each  room 
temperature  specimen.  See  Figure  6.  For  the  high  temperature  test  specimens,  titanium 
tabs  were  u.sed.  The.sc  titanium  tabs  were  bead  welded  to  the  specimen  along  the  edges 
and  end.  Sec  Figure  7.  The  tabs  prevented  specimen  damage  caused  by  the  coarse  teeth 
of  the  servohydraulic  machine's  grips. 

Test  Procedures 

The  procedures  followed  during  room  temperature  and  elevated  temperature  testing 
were  similar  in  tensile  loading  rate  and  placement  of  strain-measuring  devices.  These 
efforts  produced  consistent  results  between  individual  tests  and  tests  conducted  at  different 
temperatures.  Table  1  summarizes  the  tests  conducted  for  this  study. 
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Figure  7.  Titanium  tabs  welded  to  specimen  end. 
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Specimen 

Temperature 

Tensile 

Layup 

Loading 

25“C 

no 

S 

25'’C 

no 

S 

25"C 

no 

S 

25“C 

yes 

s,i 

25‘C 

yes 

S.I 

25“C 

yes 

S.l 

n 

no 

S 

[15*18 

no 

s 

[45*18 

650“C 

no 

s 

yes 

s 

yes 

s 

650“C 

yes 

s 

S  =  single  loading  to  failure 
I  =  incremental  loading  to  failure 


Table  1.  Test  matrix. 


Room  Temperature  Testing.  Room  temperature  tests  were  conducted  in  laboratory 
air  at  25”C.  Each  test  specimen  was  loaded  into  the  servohydraulic  machine's  grips  using 
a  level  to  ensure  that  its  longitudinal  axis  was  parallel  to  the  machine's  loading  direction. 

A  clip  on  exteasometcr  was  attached  to  the  notched  specimens  so  the  hole  was  centered  in 
the  25.4  mm  gauge  length,  and  a  strain  gauge  was  attached  to  the  specimen  away  from  the 
hole.  A  second  strain  gauge  was  attached  very  close  to  the  hole  in  an  effort  to  detect  the 
high  localized  stre.s.ses.  A  suitable  placement  technique  could  not  be  found  for  the  few 
tests  of  this  study.  Data  collected  from  this  strain  gauge  was  erratic  and  therefore  rejected 
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as  unreliable.  This  setup  is  shown  in  Figure  S.  A  single  strain  gauge  was  attached  to  the 
unnotched  specimens  prior  to  testing. 

The  MTS  microprofiler  was  programmed  to  apply  a  monotonically  increasing  load 
of  17.8  N/sec.  On  the  large  specimens  this  was  a  stre.ss  rate  of  0.070  MPa/sec,  and  on  the 
smaller  specimens  was  a  stress  rate  of  0.14MPa/scc.  The  slow  loading  rate  allowed  an 
opportunity  to  visually  ob.serve  and  record  any  damage  occurring  to  the  specimen.  All  the 
unnotched  specimens  were  loaded  to  failure.  The  first  notched  specimen  of  each  fiber 
orientation  was  al.so  loaded  to  failure,  while  being  ob.scrved  for  damage.  Load  and  strain 
data  were  recorded  by  the  Zenith  personal  computer  during  each  test. 

The  second  notched  specimen  of  each  fiber  orientation  was  incrementally  loaded  to 
the  finite  element  model  load  that  predicted  yielding,  then  to  the  first  point  of  nonlinearity 
measured  by  the  exteasometer  in  the  previous  test,  then  95%  of  the  notched  UTS,  then 
99%  of  the  notched  UTS,  and  finally  to  failure.  When  each  of  the.se  loads  (except  the 
last)  was  reached,  diiodomethane,  a  pentrant  dye  visible  to  X-rays,  was  applied  inside  the 
hole  and  to  the  specimen  surface.  The  specimen  was  then  removed  from  the  lest  machine 
and  X-rayed  to  detect  any  fiber  or  matrix  damage  that  may  have  developed.  The 
radiographs  were  produced  by  a  Phillips  160  kVP  industrial  X-ray  unit  with  the  voltage 
set  at  75  kV  and  exposing  the  specimens  at  5  mA  for  4  minutes.  Load  and  strain  data 
were  recorded  by  the  personal  computer  during  each  of  the  incremental  loadings. 

Elevated  Temperature  Testing.  Gripping  the  test  specimen  for  the  elevated 
temperature  test  was  done  as  it  was  for  the  room  temf)erature  tests.  A  single  type  K 
thermocouple  was  attached  to  each  face  of  specimen.  In  the  ca.se  of  the  notched 
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specimens,  the  thermocouples  were  also  placed  on  opposite  sides  ol  the  hole.  These 
thermocouples  provided  feedback  to  the  Micricon  temperature  controller  driving  the  quartz 
lamps  that  heated  each  side  of  the  test  specimen.  The  Optra  laser  extensometer  was 
mounted  to  a  platform  attached  to  the  servohydraulic  test  machine  so  the  hole  of  the 
notched  specimens  was  centered  in  the  25.4  mm  gauge  length.  Figure  9  shows  this 
elevated  temperature  setup.  Because  of  their  small  size,  the  unnotched  specimens  were 
tested  to  failure  on  a  98  kN  MTS  servohydraulic  machine.  A  12.7  mm  gauge  length, 
quartz  rod  exteasometcr  measured  strain.  Figure  10  illustrates  this  setup.  One  heating 
lamp  has  been  removed  to  show  the  specimen. 

A  standard  heating  profile  was  followed  for  each  of  the  tests.  Each  specimen  was 
heated  from  room  temperature  to  bSO^C  in  five  minutes  and  then  held  at  650*C  for  the 
remainder  of  the  lest.  No  mechanical  load  was  applied  while  the  specimen  was  heated  to 
650*C.  After  a  five-minute  thermal  stabilization  period  at  650*C,  the  lest  specimen  was 
loaded  to  failure.  The  loading  rate  "sed  room  «''niiv»raiure  testing  was  al.so  used  in  this 
series  of  tests.  The  Zenith  personal  computer  recorded  load  and  strain  data  during  each 
test. 

Close  visual  inspection  of  the  test  specimen  for  damage  was  not  po.ssible  becau.se 
of  the  short  di.stance  between  the  heater  lamps  and  the  sp)ecimen's  surface.  Incremental 
loading  was  not  perfomed  to  avoid  any  effects  of  thermal  cycling.  X-ray  inspection  of 
the.se  elevated  temperature  specimens  was  not  attempted  since  facilities  for  high 
temperature  NDl  were  unavailable. 
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Figure  9.  Elevated  temperature  test  setup. 
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Figure  10.  Small  specimen,  elevated  temperature  test  setup. 
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IV.  Finite  Element  Model 


A  finite  element  model  of  the  notched  test  specimen  was  developed  as  an 
analytical  tool  for  this  study.  SDRC  1-DEAS  V,  computer-aided  design  program,  was 
u.sed  to  construct  the  finite  element  model  and  produce  the  graphic  outputs  in  this  study. 
MSC/NASTRAN  version  66A  analyzed  the  linear  static  problems  input  form  I-DEAS. 
(Version  66A  of  NASTRAN  does  not  have  the  capability  to  perform  nonlinear  analysis  of 
orthotropic  materials.) 

A  state  of  plane  Sire.ss  was  assumed  for  this  study  since  the  test  specimen  is  thin 
compared  to  its  length  and  width.  Taking  advance  of  this  assumption,  the  finite  element 
model  was  built  with  thin  shell  (two  dimeasional)  elements.  In  addition,  the  two- 
component,  eight-ply  composite  of  the  te.st  specimen  was  treated  as  a  monolithic, 
homogeneous,  orthotropic  material  in  the  model.  Plate  thickness  is  required  for  stress 
calculations,  .so  an  average  specimen  thickness  of  2  mm  was  applied  to  each  model. 

Model  Development 

The  model  was  drawn  and  its  mesh  refined  by  treating  it  as  a  thin  plate  made  of  an 
i.sotropic  material.  An  exact  solution  for  stre.ss  at  the  edge  of  a  circular  hole  exists  for  this 
case.  Two  points  were  cho.sen  to  quickly  verify  the  accuracy  of  the  model  and  its 
solutions.  The  first  point  was  at  the  edge  of  the  hole  30*  from  the  loading  axis.  The 
circumferential  stre-ss,  at  this  point  is  zero.  (Dally  1978:81).  The  .second  point 
was  at  the  edge  of  the  hole  90*  from  the  loading  axts.  Here  Oop  is  3.14  times  the  applied 
stress,  that  is,  the  stress  concentration  factor,  K^,  is  3.14  for  a  d/W  ratio  of  0.2. 
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(Peterson  1974:150).  With  a  uniformly  applied  edge  stress  of  207  MPa,  the  stre.sses  at 
points  one  and  two  are  0  MPa  and  649.5  MPa  respectively. 

With  this  in  mind,  a  quarter  plate,  symmetrically  restrained  coarse  mesh  model  was 
constructed  of  linear,  thin-shcll  elements  following  the  example  problem  of 
MSC/NASTRAN  handbook  (MSC/NASTRAN  1985:6.61380-1-3).  MSC/NASTRAN 
analysis  showed  this  me.sh  to  be  far  too  coarse  for  the  dimensions  of  this  model.  The 
MSC/NASTRAN  solution  was  more  than  25%  smaller  than  the  exact  solution  at  point 
two. 

Whitney  gives  a  clue  for  explaining  this  large  error.  Figure  1 1  shows  the  change 
in  stre.ss  gradient  as  the  size  of  the  hole  decreases  (Whitney  1974:253).  A  coarse  mesh 
masks  this  rapid  decrease  in  stress  by  computing  an  element's  strain  energy  over  a  wide 
area  of  the  model.  Refining  the  mesh  increased  the  number  of  elemenls  along  the  quarter 
circle  edge  of  the  hole  to  ten  from  five  and  limited  the  element's  width  to  one  tenth  of  the 
hole  radius.  Now  the  MSC/NASTRAN  solution,  646.7  MPa,  was  within  1%  of  the  exact 
solution  at  point  two. 

This  refined  quarter  plate  model  was  expanded  to  a  complete  model  of  the  test 
specimen.  The  same  element  size  and  distribution  was  carried  over  to  the  new  model. 
MSC/NASTRAN  computed  Oge  at  point  two  as  624.0  MPa,  a  -3.5%  error,  and  it  com¬ 
puted  Ogg  at  point  one  as  2.0  MPa  (a  negligible  value  compared  to  the  applied  stre.ss). 

Orthotropic  Plate  Model 

The  final  refined  model,  with  applied  loads  (right  end)  and  restraints  (left  end), 
u.sed  for  analysis  is  shown  in  Figure  12.  The  region  near  the  hole  is  magnified  in 
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Figure  11.  Stress  distribution  for  a  hole  in  an  infinite  isotropic  plate. 
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Figure  12.  Finite  element  model  for  analysis. 
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Figure  13  to  show  the  element  arrangement  and  nodal  numbering.  In  all,  the  refined  mesh 
consists  of  800  elements  connecting  848  grid  points  with  5069  total  degrees  of  freedom. 

The  Allison  experimentally  determined  material  properties  E„  Ej,  and  Gjj  and  the 
rule  of  mixtures  calculated  Vjj  were  used  as  the  ortholropic  material  properties  for  the 
finite  element  model  of  the  [O'Jg  specimen  layup  (Gambone  1990b:12).  Transforming 
these  values  with  equations  6  through  9  produces  the  orthotropic  material  properties  used 
for  the  models  of  the  [IS"]*  and  [45'‘]8  specimen  layups.  In  all,  six  sets  of  material 
properties  were  used  to  model  the  various  specimen  layups  and  test  temperatures,  and 
these  values  are  summarized  in  Table  2. 

The  load  applied  to  the  finite  element  model  for  calculations  was  varied  with  each 
fiber  orientation  and  temperature,  as  shown  in  Table  3,  so  that  the  maximum 
MSC/NASTRAN  calculated  stress  was  approximately  equal  to  each  specimen's  yield  stress. 
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Specimen 

Layup 

Room  Temp 

25*C 

Elevated  Temp 

650“C 

E,  =  182.3  GPa 

E,  =  156.3  GPa 

(O’ls 

Ej  =118.6  GPa 

E2  =  67.3  GPa 

G,2  =  32.8  GPa 

(.,2  =  19.5  GPa 

Vi2  =  0.272 

v,2  =  0.272 

E,  =153.1  GPa 

E,  =113.8  GPa 

I15“l8 

E,  =110.3  GPa 

Ey  =  62.7  GPa 

G„  =  37.0  GPa 

G„  =  22.4  GPa 

=  0.358 

v,y  =  0.386 

E,  =  96.6  GPa 

E,  =  57.9  GPa 

I45‘]s 

Ey  =  96.6  GPa 

Ey  =  57.9  GPa 

G,y  =  59.1  GPa 

G„  =  40.5  GPa 

V,,  =  0.472 

v,y  =  0.485 

Table  2.  Material  properties  applied  to  finite  element  model. 


Fiber 

Room  Temperature 

Elevated  Temperature 

Orientation 

Load/Node 

Load/Node 

0* 

658  N 

560  N 

15’ 

489  N 

240  N 

45* 

231  N 

62  N 

Table  3.  Loads  applied  to  finite  element  model. 
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V.  Results  and  Discussion 


Material  Properties 

The  SCS-6/Ti-24AI-llNb  composite  has  been  studied  in  developmental  strength 
investigations,  creep  investigations,  and  fatigue  investigations.  Each  of  the  investigations 
has  produced  a  summary  of  material  properties  relating  to  its  area  of  interest.  These 
material  properties  arc  typically  aligned  with  the  principal  axes  of  unidirectional  layups 
but  can  be  transformed  by  equations  (6)  through  (9)  to  give  the  apparent  properties  of 
various  fiber  orientations.  This  study  investigated  off-axis  loading  of  unidirectional 
SCS-6/Ti-24Al-l  INb,  thus  a  direct  comparison  of  the  experimental  Young's  modulus,  E„ 
and  the  predicted  values  is  possible.  Table  4  summarizes  the  Young's  modulus  and 
Poisson's  ratio  values  for  the  fiber  and  matrix  used  in  the  rule  of  mixture  calculations. 


Room  Temp 

25*C 

Elevated  Temp 

650"C 

SCS6 

E  =  414  GPa 

E  =  414  GPa 

Fiber 

v  =  0.22 

V  =  0.22 

Ti-24Al-llNb 

E  =  84.1  GPa 

E  =  48.1  GPa 

Matrix 

V  =  0.30 

V  =  0.30 

Table  4.  Fiber  and  matrix  material  properties  (Coker  1991). 


The.se  values  were  combined  using  the  rule  of  mixture  equations  (1)  through  (4)  to 
produce  the  apparent  orthotropic  material  properties  for  a  lamina.  Since  the  eight-ply 
laminate  of  this  study  is  a  unidirectional  one,  the  lamina  material  constants  are  also  the 


laminate  material  constants.  Table  5  summarizes  the  orthotropic  material  constants 
calculated  by  the  rule  of  mixtures. 


Room  Temp 

25*C 

Elevated  Temp 

650‘‘C 

E, 

199.6  GPa 

176.2  GPa 

E2 

116.6  GPa 

69.6  GPa 

G.2 

45.1  GPa 

26.9  GPa 

Vl2 

0.272 

0.272 

Table  5.  Rule  of  mixtures  orthotropic  material  constants. 


Allison  conducted  extensive  tensile  tests  of  eight  ply  SCS-6/Ti-24Al-llNb 
composite  during  the  material's  initial  development  phase.  The  longitudinal  and  transverse 
Young's  moduli  are  reported  directly,  while  the  shear  modulus  could  be  calculated  from 
data  presented  for  the  quasi -isotropic  layup,  [07±45"/90"]s.  The  major  Poisson's  ratio, 
v,2,  was  not  reported.  Table  6  summarizes  the  Allison  experimental  data. 

The  teasilc  tests  performed  for  this  study  provide  direct  experimental  data  for  the 
off-axis  Young's  modulus,  E,,  of  the  [IS'Jg  and  [45*j*  layups  and  another  .set  of 
experimental  data  for  the  [0*]g  layups.  The  modulus,  E,,  was  taken  from  the  stress-strain 
curve  of  the  unnotched  tensile  specimen.  These  moduli  are  compared  to  the  E,  values 
calculated  by  transforming  the  rule  of  mixtures  data  and  Allison  experimental  data  in 
Table  7. 
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Room  Temp 

25*C 

Elevated  Temp 

650"C 

E, 

E2 

G:2 

182.3  GPa 

118.6  GPa 

32.8  GPa 

156.3  GPa 

67.3  GPa 

19.5  GPa 

Room  Temp  (25“C) 

Modulus  —  GPa 

Elevated  Temp  (650"C) 

Modulus  —  GPa 

[0‘]s 

[15“]s 

oe 

0 

[0"Jg 

[in 

[45"]g 

199.6 

178.1 

121.1 

176.2 

140.1 

73.9 

182.3 

153.1 

96.6 

156.3 

113.8 

57.9 

186.0 

143.0 

112.0 

172.0 

111.0 

54.6 

Rule  of 
mixtures 
(transformed) 


Allison 

experimental 

(transformed) 


present 

experiment 


Table  7.  Youngs  modulus,  E.,  comparison 


The  direct  experimental  moduli  compare  closely  to  the  moduli  of  the  transformed 
Allison  experimental  data.  The  differences  between  the  experimental  moduli  values  and 
the  rule  of  mixtures  values  are  approximately  the  same  at  each  fiber  orientation,  with  the 
experimental  values  about  10%  less  than  the  theoretical  ones.  At  elevated  temperature,  the 
differences  between  the  experimental  moduli  and  rule  of  mixtures  moduli  is  larger, 
approaching  20%.  These  differences  mo.st  probably  ari.se  due  to  the  assumptions  made  for 
the  rule  of  mixture  calculations.  The  assumptions  cannot  be  strictly  enforced  throughout  a 
manufacturing  process,  and  they  greatly  simplify  the  actual  behavior  of  the  composite. 

The  rule  of  mixtures  value  does  serve  as  an  upper  bound  for  the  material's  stiffne.ss.  The 
close  compari.son  of  predicted  and  experimental  values  demonstrates  a  consistent,  reliable 
composite  con.solidation  process  u.sed  by  Textron. 

Tensile  Strength 

The  ultimate  tensile  strength  of  a  unidirectional  comp>osite  material  is  very 
dependent  on  fiber  orientation.  Typically,  a  unidirectional  composite  exhibits  the  greatest 
strength  and  stiffne.ss  when  loaded  parallel  to  the  fibers.  Both  strength  and  .stiffne.ss 
decrea.se  rapidly  toward  their  transverse  values  as  the  angle  between  the  fibers  and  the 
loading  axis  increases.  The  SCS-6/Ti-24AI-l  INb  MMC  system  follows  this  pattern. 

Unnotched  Tensile  Strength.  The  room  temperature  ultimate  tensile  .strength  of 
SCS-6/Ti-24AI-l  INb  varies  from  a  maximum  of  1185  MPa  for  the  [O'Jg  layup  to  225 
MPa  for  the  [90*],  layup.  The  elevated  temperature  ultimate  tensile  strength  varied  from 
928  MPa  for  the  f0*|s  layup  to  126  MPa  for  the  [90*J8  layup.  These  results  are  shown 
graphically  in  Figure  14. 
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Figure  14.  Teasile  .sircnglh  of  SCS-6/Ti-24Al-l  iNb. 


The  T.sai-Wu  failure  theory  was  applied  to  the  material  by  computing  an  ultimate 
tensile  strength  curve  with  equation  (20).  The  strength  values  used  in  this  computation 
are  listed  in  Table  8.  The  longitudinal  strength,  X„  is  the  one  found  during  this 
investigation.  The  transverse  strength,  Y,,  is  taken  from  the  Alli.son  study  (Gambone 
1990b:8),  since  the  (90" |g  layup  was  not  te.sted  for  this  study.  The  in-plane  shear 
strength,  S,  is  the  shear  strength  of  the  matrix  alone  (Gambone  1990a:  12),  since  shear 
tests  of  the  composite  have  not  been  conducted.  Choosing  this  value  for  S  a.s.sumed  the 
shear  .strength  of  the  fiber/matrix  interface  is  greater  than  or  equal  to  the  shear  strength  of 
the  matrix  alone. 

A  comparison  of  the  experimental  strength  curves  and  the  strength  curves 
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Room  Temp 

Elevated  Temp 

25T 

650“C 

X, 

1185  MPa 

928  MPa 

Y, 

225  MPa 

126  MPa 

S 

225  MPa 

182  MPa 

Table  8.  Principal  strengths  for  Tsai-Wu  failure  theory. 


generated  by  the  Tsai-Wu  failure  theory  is  shown  in  Figure  15  and  Figure  16.  The 
experimental  failure  .strengths  closely  match  the  theoretical  failure  strengths  at  both  room  and 
elevated  temperatures.  The  small  variations  between  the  theoretical  and  experimental  curves 
might  be  diminished  by  accurately  measuring  the  shear  strength  of  the  composite  and  by- 
determining  the  value  of  the  Tsai-Wu  interactive  term,  Fjj . 

Notched  Tensile  Strength.  The  failure  strengths  of  the  notched  and  unnotched 
SCS-6/Ti-24Al-l  INb  at  room  temperature  and  at  elevated  temperature  are  plotted  against 
fiber  angle  in  Figure  17  and  Figure  18.  As  expected,  the  strengths  of  the  specimens 
containing  a  hole  arc  consistently  le.ss  than  the  strengths  of  the  unnotched  .specimens.  Closer 
investigation  of  the  notched  failure  strength  reveals  an  interesting  finding.  If  the  notched 
failure  strength  is  normalized  by  dividing  by  0.8  (the  ratio  of  notched  area  to  unnotched  area), 
the  values  of  failure  strength  very  nearly  match  the  unnotched  failure  strengths.  See  Figure 
19  and  Figure  20.  At  room  temperature,  the  hole  is  not  acting  as  a  stress  concentrator,  but 
merely  reduces  a  specimen's  strength  in  proportion  to  the  lost  area.  At  elevated  temperature 
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Stress  (MPa) 


Figure  15.  Experimenlal  and  piedicied  tensile  strength  at  25*C. 


Figure  16.  Experimenlal  and  predicted  tensile  strengh  at  650*C. 


Figure  17,  Tensile  strength  of  notched  and  unnotched  SCS-6/Ti-24AI-l  INb  at  25*C. 


Figure  18.  Tensile  strength  of  notched  and  unnolched  SCS-6/Ti-24AI-llNb  at  650*C. 
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Figure  10.  Small  specimen,  elevated  temperature  test  setup. 


27 


the  normalized  strengths  of  the  notched  specimens  are  still  about  10%  less  than  the  unnoiched 
strength  for  the  0“  and  15°  fiber  orientations.  The  hole  is  having  an  effect  other  than 
subtracting  load  bearing  area,  but  one  not  nearly  as  large  as  predicted  by  the  stress 
concentration  theories.  Whitney  di.scu.s.scd  this  phenomenon  as  it  uccurred  in  gla.ss/cpoxy 
composites  (Whitney  1974).  He  demoastrated  a  direct  relationship  between  hole  size  and 
failure  strength  for  hole  diameters  less  than  25.4  mm.  Further  investigation  of  the  relationship 
between  lailure  strength  and  hole  size  in  SCS-6/Ti-24AM  INb  is  worth  consideration. 

Stre.ss  Concentration  Factor 

Though  the  SCS-6/Ti-24AI-l  INb  failure  strength  appeared  to  be  in.sensitivc  to  the 
hole,  stress  concentration  factors  were  calculated  using  the  Greszczuk  and  Tan  equations  (24) 
and  (25)  and  the  finite  element  model  described  in  part  IV  of  this  report.  The  Alli.son 
experimental  material  constants  were  used  for  all  these  calculations.  The  orthotropic  stress 
concentration  factors  for  an  infinitely  wide  plate  at  room  temperature  are  summarized  in  Table 
9.  The  stress  concentration  factors  for  this  .same  plate  at  elevated  temperature  are  summarized 
in  Table  10. 

Applying  the  finite  width  correction  of  equation  (26)  to  the  values  of  Table  9  and 
Table  10  yields  a  stress  concentration  factor  appropriate  to  the  orientation  and  2a/W  ratio  of 
this  study's  test  specimens.  Table  II  and  Table  12  summarize  the  predicted  stre.ss 
concentration  factors  of  the  [0*],,  [15*1,,  K^*),  .specimen  layups.  Included  in  thc.se  tables 
arc  the  stress  concentration  factors  derived  from  the  finite  element  model  solutioas. 
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Stress  (MPa)  Stress  (MPa) 


Figure  19.  Normalized  teasile  strengths  at  25"C. 


Figure  20.  Normalized  tensile  strengths  at  650"C. 
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Table  9.  Room  Temperature  stress  concentration  factors 
for  an  infinitely  wide  plate. 


Material  Orientation 

Method 

[0“]8 

[in 

[45“Js 

Gre.szczuk 

4.13 

3.48 

2.57 

Tan 

3.05 

2.87 

2.56 

Table  10.  Elevated  temperature  stress  concentration  factors 
for  an  infinitely  wide  plate. 


Method 

Material  Orientation 

ms 

[in 

[45"ls 

Gre.szczuk 

3.75 

3.39 

2.71 

Tan 

3.27 

3.09 

2.70 

FEM 

3.51 

3.31 

2.74 

Table  11.  Room  temperature  stress  concentration  factors 
for  a  finite  width  plate. 


4.1 


Method 

Material  Orientation 

10“1« 

[in 

oe 

o 

Greszczuk 

4.22 

3.55 

2.62 

Tan 

3.11 

2.93 

2.61 

FEM 

3.82 

3.47 

2.58 

Tabic  12.  Elevated  temperature  stress  concentration  factor 
for  a  finite  width  plate. 


The  Tan  .solution  predicts  lower  stress  concentration  factors  than  either  the  Greszczuk 
solution  or  the  finite  element  model  solution.  The  solutions  converge  toward  a  common  value 
as  the  fiber  orientation  approaches  45*.  Here  the  values  of  E,  and  E^  are  equal  and  the 
material  appears  close  to  isotropic  when  entering  parameters  into  equations  (24)  and  (25). 
(If  true  isotropic  material  parameters  were  entered  into  the.se  equations,  an  infinite  width 
strc.ss  concentration  factor  of  three  is  obtained).  The  orthotropic  stre.ss  concentration  factors 
arc  lower  because  the  orthotropic  shear  modulus,  is  approximately  twice  the  isotropically 
calculated  value  G=E/2(l+v). 

None  of  the  mathematical  solutions  seems  to  predict  the  actual  behavior  of  the 
SCS-6/Ti-24AI-l  iNb  test  specimens.  As  previously  stated,  the  material  appears  to  be 
in.sensitive  to  the  hole.  Visual  examination  of  the  specimens  during  loading  and  X-ray 
examination  confirm  this.  No  cracking,  delamination,  fiber/matrix  .separation,  or  plastic 
regions  develop  exclusively  near  the  hole.  The  traditional  design  method  of  reducing  the 
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applied  load  by  the  strc.s.>  concentration  factor  to  prevent  material  damage  underestimates  the 
actual  strength  of  the  material. 

Damage  Prior  to  Failure 

Using  the  finite  element  model  to  predict  stress  concentration  factors  was  one  part  of 
the  effort  to  locate  damage  in  the  SCS-6/Ti-24AI-l  INb  comjjosite  prior  to  failure.  The  finite 
element  model's  slre.ss  distribution  indicated  the  shape  of  the  area  near  the  hole  where  damage 
might  occur  due  to  high  stresses.  The  room  temperature  stress  plots  of  the  three  fiber 
orientations  have  similar  shapes  and  gradients,  though  the  actual  stress  value  of  a  given 
"contour  level  varies.  See  Figures  21,  22,  and  23.  The  maximum  stre.ss  depicted  for  each 
fiber  orientation  is  approximately  the  value  of  yield  stress  found  from  the  stress-strain  plot 
generated  during  tests  of  an  unnotched  specimen  of  the  same  orientation.  The.se  stress-strain 
plots  are  shown  in  Appendix  A.  Only  the  room  temperature  specimens  were  examined  for 
damage  prior  to  failure. 

The  finite  element  model  accurately  predicted  the  edge  strains  that  were  measured  by 
the  extensometer  when  the  model  predicted  yielding  at  the  hole.  See  Table  13.  The 
measured  strain  values,  taken  from  the  stress-.strain  plots  of  notched  specimens  of  each  fiber 
orientation,  are  those  that  result  from  an  applied  stress  equal  to  the  remotely  applied  stress 
of  the  finite  element  model.  The  model  predicted  edge  strains  were  taken  from  the  axial 
strain  plots  of  each  fiber  orientation  and  temperature  shown  in  Appendix  B. 

Visual  Oh.servations.  A  specimen  of  each  fiber  orientation  was  ob.served  through  a 
ten-power  optical  microscope  during  loading  in  an  attempt  to  find  damage  that  might  occur. 
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Figure  21.  Axial  stress  in  ((f  Jg  layup  (values  in  ksi). 


Figure  22.  Axial  Stress  in  [IS'Jg  layup  (values  in  ksi). 


Figure  23.  Axial  stress  in  (45"jg  layup  (values  in  ksi). 


Layup 

Remote 

Stress 

Temperature 

Model 

Strain 

Measured 

Strain 

lO'ls 

255  MPa 

25*C 

1650  pm/m 

1600  pm/m 

(15*Js 

190  MPa 

25*C 

1 230  pm/m 

1250  pm/m 

[45“Js 

89,6  MPa 

25*C 

610  pm/m 

700  pm/m 

217  MPa 

650"C 

1925  pm/m 

1 700  pm/m 

[in 

93.1  MPa 

650*C 

870  pm/m 

750  pm/m 

(45"1« 

24.1  MPa 

650*C 

260  pm/m 

250  pm/m 

Table  13.  Predicted  and  experimental  edge  strains. 


Loads  of  interest  were  the  finite  element  model  load  that  predicted  yielding,  the  first  point 
of  nonlinearity  measured  by  the  extensometer,  95%  of  the  ultimate  tensile  strength,  and 
99%  of  the  ultimate  tensile  strength.  The  five  loading  cycles  did  not  affect  the  specimen's 
failure  strength. 

Zero  degree  fiber  orientation.  This  specimen  was  the  first  loaded  to  255 
MPa  and  then  to  414  MPa,  the  point  of  nonlinearity  measured  by  the  extensometer.  No 
surface  damage  was  noted.  As  the  third  loading  cycle  neared  855  MPa,  the  95%  UTS 
point,  a  very  small  crack  appeared  on  the  surface  near  the  edge  of  the  hole.  This  crack, 
oriented  perpendicular  to  the  loading  direction,  did  not  close  when  the  load  was  reduced 
prior  to  unloading  the  specimen  for  X-rays.  Three  more  very  small  cracks  appeared  near 
the  edge  of  the  hole  between  95%  and  99%  UTS.  These  very  fine  cracks  were  each  less 
than  1/10  of  the  hole  diameter  and  did  not  seem  to  grow  after  they  appeared.  See  Figure 
24.  No  further  damage  was  observed  prior  to  failure. 
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Figure  24.  Cracks  appearing  on  surface  of  [O'*]*  specimen. 


Fifteen  degree  fiber  orientation.  No  damage  appeared  during  loading  to 
190  MPa  where  the  finite  element  model  predicted  yielding  at  the  hole.  Further  loading 
revealed  no  damage  until  near  the  cxten.somcter  nonlinearity  of  400  MPa.  At  this  load  a 
.series  of  thin  crack-like  lines  developed  on  the  .specimen’s  surface.  See  Figure  25.  These 
cracks  were  approximately  1.5  mm  long  and  parallel  to  the  fiber  direction  of  the 
specimen.  They  did  not  close  when  the  load  was  reduced  to  zero.  More  of  these  crack 
lines  appeared  when  the  load  was  increased  above  400  MPa  toward  480  MPa  (95%  UTS), 
but  they  did  not  grow  longer.  The  specimen  failed  at  498  MPa,  prior  to  the  99%  UTS 
load  of  50."^  MPa. 
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Figure  25.  Cracks  appearing  on  surface  of  [15*]g  specimen. 

Forty-five  degree  fiber  orientation.  No  surface  damage  appeared  throughout 
the  loading  cycles  of  this  specimen.  The  extensometer  nonlinearity  occurred  at  227  MPa, 
very  near  the  95%  UTS  value  of  232  MPa,  so  these  observations  were  combined  as  one 
loading  cycle.  This  specimen  failed  at  the  99%  UTS  value  of  243  MPa. 

Radiographic  Observations.  Radiographic  inspection  of  the  [0*]g,  [15"]*,  and 
|45*]g  test  specimens  showed  no  internal  damage  at  any  point  during  loading.  The 
photographs  produced  from  the  radiographs  and  included  here  are  representative  of  all  the 
radiographs  produced  after  loading  to  the  stresses  indicated  previously.  The  resolution  of 
the  radiograph  is  much  greater  than  these  photographs  show,  so  even  small  defects  if 
present  could  have  been  detected.  Figure  26  shows  the  specimens  prior  to  loading;  Figure 
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27  shows  the  specimens  alter  they  had  been  loaded  to  the  point  of  extensometer 
nonlinearity;  and  Figure  28  shows  the  specimens  after  they  had  been  loaded  to  95%  of 
failure  strength. 

Failure  Characteri.stics 

The  failure  surfaces  of  all  the  tested  composite  layups  can  be  divided  into  two 
groups  by  temperature.  The  elevated  temperature  fracture  surfaces  share  characteristics 
not  found  in  the  room  temperature  fracture  surfaces.  Within  each  thermal  group,  the  off- 
axis  specimens  show  similarities  not  found  in  the  specimens  loaded  parallel  to  the  fibers. 

In  general,  the  room  temperature  fracture  surfaces  display  brittle  fracture  of  both  the  fibers 
and  matrix,  with  very  little  fiber  pull  out  and  a  slight  amount  of  necking.  The  [O^Jg 
specimens’  fracture  surface  is  perpendicular  to  the  fibers,  while  the  [IS^Jg  and  [45"]8 
specimens'  fracture  surface  is  parallel  to  the  fibers.  The  elevated  temperature  fracture 
surfaces,  on  the  other  hand,  display  brittle  fracture  of  the  fibers  and  ductile  fracture  of  the 
matrix,  with  extensive  fiber  pull  out,  fiber  matrix  separation,  and  obvious  necking.  The 
orientation  of  the  fracture  surface  to  the  fiber  direction  is  the  same  at  elevated  temperature 
as  it  was  at  room  temperature. 
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Figure  26.  Radiograph  of  .specimens  prior  to  loading. 


Figure  27.  Radiograph  of  specimens  after  loading  to  extensomeler  nonlinearity. 


Figure  28.  Radiograph  of  specimens  after  loading  to  95%  of  failure  strength. 


Room  Temperature  Failure. 

Zero  degree  fiber  orientation.  Failure  of  the  [0*]g  layup  is  strain  dominated. 
Examination  of  the  stre.ss-strain  curves.  Figure  29,  reveals  that  the  strain  at  failure  is  the 
same  for  both  the  notched  and  unnotched  specimens.  This  strain  is  the  maximum  fiber 
strain  and  is  limited  to  approximately  1%  (Gambone  ]990b:13). 

A  macroscopic  view  of  the  notched  and  unnotched  fracture  is  shown  in  Figure  30. 
Little  necking  is  evident  and  the  fracture  surface  is  perpendicular  to  the  fibers.  Examining 
the  fracture  surface  with  a  scanning  electron  microscope  (SEM)  revealed  a  brittle  fracture 
of  the  fibers  and  matrix  with  little  fiber  pull  out.  Figure  31  shows  two  views  of  the 
unnotched  specimen,  while  Figures  32  and  33  show  views  of  the  notched  specimen's 
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Figure  29.  Stress-strain  plot  of  {O*]^  layup  at  25*C. 
fracture  surface  near  the  hole  and  away  from  it.  No  differences  exist  between  »iie  fracture 
surface  near  the  hole  and  away  from  it. 

Fifteen  degree  fiber  orientation.  Maximum  strain  failure  criteria  cannot  be 
applied  to  specimens  loaded  off  axis.  Here  a  maximum  stress  approach  is  appropriate 
with  strain  limited  by  it.  The  stress-strain  plots  of  unnotched  and  notched  specimens  are 
shown  in  Figure  34.  A  macroscopic  view  of  the  notched  and  unnotched  fracture  is  shown 
in  Figure  35.  The  matrix  is  fractured  in  a  stair-step  fashion  that  follows  the  fiber 
orientation.  In  addition  the  fracture  starts  approximately  75"  from  the  loading  axis  rather 
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Figure  30.  Fracture  of  (O’Jg  specimens  (top)  unnotched  (bottom)  notched. 
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Figure  31.  Fracture  surface  of  unnotched  (0*]g  specimen. 
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Figure  32.  Fracture  surface  of  notched  (O*]*  specimen  near  hole. 
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Figure  33.  Fracture  surface  of  notched  [O’Jg  specimen  away  from  hole. 
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800 


Fifteen  Degree  Fiber  Orietation 
Room  Temperature  (25°C) 


Figure  34,  Stress-strain  plot  of  [IS'Jg  layup  at  25*. 

than  90*  from  it.  The  SEM  magnified  views  of  the  fracture  surfaces  suggest  a  brittle 
fracture  of  the  matrix  after  the  fiber  matrix  interface  has  failed.  The  steps  occur  when  a 
fiber  breaks  and  the  matrix  can  cleave  perpendicular  to  the  loading  axis.  This  is 
particularly  evident  in  Figures  36  and  37,  which  show  the  fracture  surface  of  the 
unnotched  and  notched  specimens  respectively.  The  fibers  and  matrix  separate  very 
cleanly  as  seen  in  Figure  38.  The  fiber  surfaces  are  virtually  undamaged  as  are  the 
channels  in  the  matrix.  The  fibers  at  the  left  of  Figure  36  (top)  are  held  in  place  by  the 
matrix  at  only  a  few  points.  No  differences  exist  between  the  notched  and  unnotched 
fracture  surfaces,  and  little  fiber  pull  out  is  evident. 
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Figure  35.  Fracture  of  [15*],  specimens  (lop)  unnolched  (bottom)  notched. 


Figure  36.  Fracture  surface  of  unnotched  [IS'Jg  specimen. 
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Figure  37.  Fracture  surface  of  notched  [15*],  specimen  near  hole. 
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Figure  38.  Fracture  surface  of  notched  [15*],  specimen  away  from  hole. 
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Fortv-fivc  degree  fiber  orientation.  The  failure  of  the  (45“Jg  layup  is 


similar  to  the  failure  of  the  [15“]g  layup.  A  maximum  stress  approach  is  appropriate  for 
predicting  failure,  with  strain  limited  by  it.  The  stress-strain  plots  of  unnotched  and 
notched  specimens  are  shown  in  Figure  39.  Figure  40  is  a  macroscopic  view  of  the 
notched  and  unnotched  fractures.  As  in  the  I15*]g  specimens,  the  matrix  showed  a  stair¬ 
step  pattern  in  its  fracture.  These  steps  are  much  finer  than  those  of  the  previous  fiber 
orientation,  and  the  fracture  surface  is  generally  confined  to  a  single  column  of  fibers 
across  the  specimen's  width.  Again  the  fiber/matrix  interface  fails  first  followed  by  brittle 
fracture  of  the  matrix.  The  fiber  surfaces  are  clean  and  undamaged,  while  the  troughs  in 
the  matrix  show  only  minor  cracking.  The  SEM  magnified  views  of  Figures  41,  42,  and 
43  show  no  differences  between  the  notched  and  unnotched  specimens'  fracture  surfaces. 
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Figure  41.  Fracture  surface  of  unnotched  [45*],  specimen. 
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Figure  42.  Fracture  surface  of  notched  (45*]g  specimen  near  hole. 


Figure  43.  Fracture  surface  of  notched  [45*]8  specimen  away  from  hole. 
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Elevated  Temperature  Failure. 


Zero  degree  fiber  orientation.  Failure  of  the  [O'Jg  layup  is  strain  dominated 
as  the  room  temperature  failure  was.  Examining  the  stress-strain  plots  of  the  zero  degree 
fiber  orientation,  Figure  44,  reveals  that  the  notched  and  unnotched  specimens  both  failed 
at  6150  pm/m  strain.  The  maximum  strain  at  elevated  temperature  is  900  pm/m  less  than 
the  maximum  strain  at  room  temperature,  and  this  is  similar  to  the  difference  in  strains 
reported  by  Alli.son  (Gambone  1990b:8).  A  macro.scopic  view  of  the  notched  and 
unnotched  fracture  is  shown  in  Figure  45.  Necking  and  fiber  pull  out  are  apparent,  and 
the  fracture  surface  is  perpendicular  to  the  fibers.  Examining  the  fracture  surface  with  the 
SEM  reveals  brittle  fracture  of  the  fibers,  but  ductile  fracture  of  the  matrix.  Necking  of 
the  matrix  has  pulled  the  matrix  away  from  the  fibers,  and  there  is  extensive  fiber  pull  out. 
Figures  46,  47,  and  48  show  the  unnotched  and  notched  fracture  surfaces.  Extensive 
cracking  is  visible  in  the  expo.sed  fiber  channels  of  the  notched  specimen.  See  the  bottom 
photos  of  Figures  47  and  48.  This  probably  occurred  during  the  almost  perfectly  plastic 
deformation  between  5700  pm/m  strain  and  failure  at  6200  pm/m.  No  differences  exist 
between  the  fracture  surface  near  the  hole  and  way  from  it. 

Fifteen  degree  fiber  orientation.  Strain  of  both  the  notches-  ind  unnotched  speci¬ 
mens  exceeded  20,000  pm/m,  the  maximum  mca.surable  strain  of  the  data  acquisition 
system  used  in  this  study.  Both  notched  and  unnotched  stre.ss-.strain  plots  have  extensive 
plastic  regions  of  large  deformations  with  little  increase  in  stress.  See  Figure  49.  A 
macroscopic  view  of  the  notched  and  unnotched  fracture  is  shown  in  Figure  50.  In  this 
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Figure  44.  Strcs.s-strain  plot  of  (O'lg  layup  at  650”C 


figure,  necking  and  fiber  pull  out  are  clearly  visible.  Except  at  the  edges  where  delami¬ 
nation  occurred,  the  matrix  fracture  followed  a  single  column  of  fibers  across  the  width  of 
the  specimen.  In  addition,  the  fracture  slar.s  approximately  75"  from  the  loading  axis 
rather  than  90°  from  it.  The  magnified  views  of  the  fracture  surfaces,  Figures  51,  52,  and 
53,  show  an  almost  complete  separation  of  the  fibers  and  matrix  at  the  fracture  and  a 
ductile  fracture  of  the  matrix.  The  fiber  surfaces  are  clean  and  undamaged  indicating  a 
weak  fiber  matrix  interlace  bond.  Fiber  pull  out  is  visible  in  Figure  51;  the  fiber  ends  ex¬ 
tend  past  the  edge  of  the  matrix  and  into  the  hole.  The  fiber  channels  of  both  the  notched 
and  unnotched  specimens  .show  the  extensive  cracking  of  large  pla.stic  deformation  prior  to 
failure.  No  differences  exist  between  the  notched  and  unnolchcd  fracture  surfaces. 
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Figure  45.  Fracture  of  (0*),  spccimcn.s  (top)  unnotched  (bottom)  notched. 
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Figure  46.  Fracture  surface  of  unnotched  {0*Jg  specimen. 
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Figure  47.  Fracture  .surface  of  notched  [O*]*  specimen  near  hole. 
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Figure  35.  Fracture  of  (15']*  specimens  (top)  unnotched  (bottom)  notched, 
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Figure  48.  Fracture  surface  of  notched  [O’Jg  specimen  away  from  hole. 
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Figure  49.  Stres.s-strain  plot  of  [15"jg  layup  at  650®C. 


Forty-five  degree  fiber  orientation.  The  failure  of  the  145*]g  layup  is 
similar  to  the  failure  of  the  layup.  Again,  the  plastic  strains  of  both  specimens 
were  large,  but  only  the  unnotched  specimen's  strain  exceeded  20,000  pm/m.  There  is 
little  increase  in  stress  in  the  regions  of  extended  deformation.  See  Figure  54.  The  stre.ss 
strain  plots  .show  two  distinct  linear  regions.  The  primary  modulus  has  been  reported 
earlier  in  Table  7.  The  .secondary  modulus  is  20.6  GPa  (calculated  from  the  unnotched 
stress-strain  plot).  If  this  change  in  modulus  is  due  to  the  failure  of  the  fiber/matrix 
interface  bond,  then  only  the  matrix  is  carrying  the  applied  load.  A  macroscopic  view  of 
the  notched  and  unnotched  fractures  is  shown  in  Figure  55.  Necking  is  clearly  visible,  but 
there  is  little  fiber  pull  out.  The  matrix  fracture  followed  a  single  column  of  fibers  across 
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Figure  50.  Fracture  of  [IS’J*  specimeas  (top)  unnotched  (bottom)  notched. 
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Figure  52.  Fracture  surface  of  notched  (15*Jg  specimen  near  hole. 
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Figure  53.  Fracture  surface  of  notched  jlS*],  specimen  away  from  hole. 


Figure  54.  Stress-strain  plot  of  {45*]8  layup  of  650®C. 


the  width  of  the  specimen  except  at  the  edge  where  some  deiamination  occurred.  The 
magnified  views  of  the  fracture  surfaces.  Figures  56,  57,  and  58,  show  extensive 
separation  of  the  fibers  and  matrix  at  the  fracture  and  ductile  fracture  of  the  matrix.  As 
with  the  [IS®)*  spccimen.s,  the  fiber  surfaces  are  clean  and  undamaged  indicating  a  weak 
fiber/matrix  interface  bond.  The  fiber  channels  of  the  [45®]*  layup  arc  lc.ss  cracked  than 
tho.se  of  the  [15®]*  layup,  but  there  was  less  pla.stic  deformation  of  the  [45®]g  specimens 
prior  to  failure.  The  notched  and  unnotched  fracture  surfaces  are  the  same  except  for  the 
evidence  of  greater  pla.stic  deformation  of  the  unnotched  specimen. 
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Figure  55.  Fracture  of  (45*),  specimens  (top)  unnotched  (bottom)  notched. 
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Figure  43.  Fracture  surface  of  notched  [45*]g  specimen  away  from  hole. 
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Figure  58.  Fracture  surface  of  notched  (45*]8  specimen  away  from  hole 


VI.  Conclusion  and  Recommendations 


This  study  investigated  the  ultimate  tensile  strengths  of  115“jg,  [45”j8  layups 
of  SCS-6/Ti-24AI-l  iNb  metal  matrix  composite  containing  a  circular  hole.  Uniaxial 
tensile  tests  were  conducted  at  room  temperature  (25°)  and  elevated  temperature  (650“C) 
with  each  fiber  orientation.  Unnotched  .specimens  were  also  tested  for  comparison.  In 
addition  to  finding  the  tensile  strength  of  different  composite  layup.s,  this  study  attempted 
to  find  prefailure  damage  in  the  notched  specimens  through  visual  observation  and 
radiography,  and  it  attempted  to  describe  the  failure  mechanism  of  the  material. 

The  experimentally  determined  Young’s  moduli,  E,,  of  the  fiber  orientations  tested 
in  this  study  were  clo.se  to  the  rule  of  mixtures  predicted  properties,  and  they  were  very 
close  to  the  moduli  predicted  from  the  Alli.son  experimental  data.  The  composite  was 
consolidated  well,  and  Textron  has  good  quality  control  of  its  manufacturing  proce.ss.  The 
simplified  T.sai-Wu  failure  theory  predictions  of  ultimate  tensile  strength  clo.scly  match  the 
failure  strengths  found  experimentally  for  this  study.  Determining  the  actual  value  of  the 
coefficient  F,2  through  biaxial  loading  failure  te.sLs  may  reduce  the  .small  differences 
between  predicted  and  actual  values  even  more. 

A  finite  element  model  was  developed  as  an  aid  in  predicting  stre.ss  concentration 
factors  and  high  stress  areas  where  damage  might  begin.  Limitations  of  MSC/NASTRAN 
version  66A  permitted  only  linear  analysis  of  the  orthtropic  material  examined  in  this 
investigation.  No  specific  strc.sses  parallel  or  perpendicular  to  the  fiber  direction. 
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consistent  among  the  various  liber  orientations  of  the  model  and  consistent  with  a  given 
layup's  yield  strength,  could  be  found  to  indicate  the  strength  of  the  fiber/matrix  interface 
bond. 

The  SCS-6/Ti-24Al-l  INb  composite  is  not  notch  sensitive  at  the  hole  diameter 
tested.  Stress  concentration  theory,  even  when  modified  for  orthotropic  materials,  does 
not  Seem  to  apply  to  the  small  diametc:  hole  te.sted  for  this  investigation.  Maximum  stress 
or  maximum  strain  criteria  can  be  used  to  find  notched  tensile  strength.  Testing  a  variety 
of  larger  hole  sizes  is  recommended  to  dcteiminc  the  true  extent  of  the  composite's  notch 
insensitivity. 

Very  little  damage  can  be  detected  in  the  SCS-6/Ti-24Al-l INb  prior  to  its  failure 
at  room  temperature  Radiography  discovered  no  internal  damage  prior  to  failure. 

Damage  such  as  fiber/matrix  separation  and  delamination  developing  at  elevated 
temperature  might  be  detectable  through  .some  form  of  nondestructive  inspection,  but  high 
temperature  NDI  could  not  be  applied  during  this  .study. 

The  failure  surfaces  of  the  tested  composite  layups  can  be  divided  into  two  groups 
by  temperature.  Within  each  thermal  group,  the  off-axis  specimens  show  similarities  not 
found  in  the  specimens  loaded  parallel  to  the  fibers.  In  general,  the  room  temperature 
fracture  surfaces  di.splay  brittle  fracture  of  the  matrix  with  little  fiber  pull  out  and  a  slight 
amount  of  necking.  The  elevated  temperature  fracture  surface.s,  on  the  other  hand,  display 
a  ductile  fracture  of  the  matrix,  with  extensive  fiber  pull  out,  fiber  matrix  .separation,  and 
obvious  necking.  At  both  temperatures,  the  [0®],  specimens'  fracture  surface  is 
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perpendicular  to  the  libers,  while  the  and  (45“],  specimens'  fracture  surface  is 

parallel  to  the  fibers.  Future  studies  could  investigate  the  strength  of  the  fiber/matrix 
interface  bond  and  compare  the  experimental  results  to  tho.se  predicted  by  available 
models. 
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Appendix  A:  Stress-strain  plots 


Figure  Al.  Stress-strain  plot,  unnotched  [O'Jg  specimen. 


Figure  A2.  Stress-strain  plot,  unnotched  [15*],  specimen. 
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Figure  A3.  Stress-strain  plot,  unnotched  |45*]g  specimen. 
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Appendix  B:  Finite  element  model  strain  results 
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1 


Figure  Ei3.  Strain  at  predicted  yielding.  Rotmi  temperature,  (I5°|x  la 
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Appendix  C:  Specimen  dimensions  and  failure  loads 


Specimen 

Test 

Width 

Thickne.ss 

Failure  Load 

Layup 

Temp 

(mm) 

(mm) 

(kN) 

[Ols 

25°C 

12.91 

2.16 

25.16 

25“C 

12.98 

2.11 

26.60 

bSOT 

12.78 

1.99 

16.96 

65(rC 

12.78 

2.00 

17.20 

25°C 

12.92 

2.03 

13..39 

25°C 

12.88 

2.03 

12.86 

65()‘’C 

12.78 

1.99 

8.31 

65()"C 

12.78 

2.00 

8.35 

25"C 

12.75 

2.01 

6.25 

25"C 

12.80 

2.01 

6.01 

650"C 

12.78 

1.99 

3.66 

650°C 

12.78 

2.00 

3.59 

Table  Cl.  Notched  specimen  dimensions  and  failure  loads. 
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Specimen 

Test 

Width 

Thickness 

Failure  Load 

Layup 

Temp 

(mm) 

(mm) 

(kN) 

[0“l,s 

25“C 

5.60 

1.98 

13.14 

650“C 

6.36 

2.03 

11.98 

|15“]8 

25“C 

6.33 

2.04 

7.92 

25°C 

6.36 

2.01 

8.68 

65(rC 

6.35 

2.01 

Failed  Test 

650°C 

6.33 

2.03 

6.91 

[45"  Is 

25”C 

6.35 

2.03 

3.84 

25”C 

6.37 

2.00 

3.68 

650"C 

6.33 

2.02 

2.57 

650°C 

6.35 

2.02 

2.67 

Tabic  C2.  Unnotchcd  specimen  dimensions  and  failure  loads. 
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